Efficient calculation on passenger evacuation performances under emergencies is crucial to the planning, design, and operation of metro systems as it is closely related to the safety of human lives. Four calculation methodologies including the China CDM, NFPA 130, control volume, and M/G/c/c models and a multiagent-based simulation approach are employed to calculate the evacuation time under a given number of evacuees in different application backgrounds by investigating impact factors and strategies of evacuation as well as moving speed of evacuees. The M/G/c/c model and multiagent-based simulation approach are also used to identify the bottleneck of evacuation in metro stations. A case study for the Xizhimen metro station in Beijing is carried out to validate the effectiveness of these methodologies to planners, designers, and operators in practice. The results show that the former two methodologies are concise quantitative methods while the latter ones are more capable of assessing the whole process and details of evacuation.
Introduction
Many large cities in China have to meet the problems of severe traffic congestion and pollution. They urgently need the construction and operations of metro systems. These large cities have operated dozens of large metro networks which include 133 metro lines amounting to 4152.8 kilometres and 2680 metro stations by the end of 2016. It is worthwhile to note that the metro systems both in Beijing and in Shanghai have more than 350 stations, which are required to provide guaranteed transportation service for over nine million passengers per day. Many crowded stations are experiencing very high density of passengers which probably leads to a large risk of accidents during operations.
Accidents like fire, explosion, or toxic gas release in buildings like stadiums, shopping malls, or transportation terminals always threaten human lives. The accidents occurring in metro stations have also led to severe life and social economic loss since the first metro line was put into operation in 1860s. One of the important reasons leading to huge losses from accidents is the inefficient performances and unadvisable strategies of passenger evacuation after the accidents occurred. For example, an improper evacuation arrangement that a train stopped by the platform where the other train had caught fire made the train suffer a more severe damage and led to heavy casualties accounting for 92% of all deaths in the Daegu metro fire [1] . The investigation on evacuation performances under reasonable strategies, especially the evacuation time and evacuee number, thus becomes much essential to evaluate the safety of passengers during the design and operation of metro systems.
Approaches including analytical methods and simulation for pedestrian evacuation in public buildings have been paid extensive attention [2] [3] [4] . The methodologies employed in pedestrian evacuation mainly include optimization, simulation, and risk assessment models [5] . They mainly include cellular automata models [6] , lattice gas models [7] , social force models [8] , fluid dynamic models [9] , innovative models [10] , and experimental approaches with animals [11] . Although some of the above methodologies were adopted for the evacuation problems in metro systems [12] , the emphasis of evacuation research concentrated on modelling movement 2 Mathematical Problems in Engineering characteristics [13] , evaluating facility capacity [14, 15] and investigating strategy scenarios [16, 17] through field data collection and scenario simulation.
Analytical methods are appropriate for the smallscale evacuation problems through depicting evacuation behaviour [18] while elaborate microscopic simulators necessitate a complex modelling process and a large amount of collected data and calibration parameters [5] . Moreover, the aims and interests of research on evacuation are much distinct according to task requirements and application background. For instance, it is important for the designers and managers of metro stations to know that all evacuees are able or unable to be evacuated under a given configuration of facilities through a simple and efficient analytical method while technical personnel of researchers are required to identify that all evacuees are safe or unsafe during the evacuation by microscopic simulation.
The analytical methodologies and simulation are necessary and competent to evaluate emergency evacuation by collecting and calibrating parameters in metro stations where there are several exits, many facilities, complex layouts, and heavy transportation load. To distinguish their advantages/ disadvantages, this research investigates four calculation methods and one practical simulation approach considering different influence factors and requirements for evacuation to evaluate evacuation time and evacuee number and then compares the applicability of these methodologies based on field data through case studies.
Emergency Evacuation in Metro Stations
The calculation and simulation for emergency evacuation mainly pay attention to impact factors [15] and evacuation strategies [17] which, respectively, define the microscopic and macroscopic mechanisms of evacuation problems.
Impact Factors of Evacuation.
The impact factors of evacuation in metro stations mainly include individual physiological and psychological characteristics of passengers as well as capacity of facilities.
Individual Characteristics.
The evacuation behaviour is greatly affected by individual physiological and psychological characteristics. It is also affected by the density of crowd and emotional state. A double exponential relationship between free movement speed and emotional state was obtained through extreme value theory [19] . It revealed that the level of emotional response increases with the urgency of evacuation while the attention and control of individuals can rapidly decrease. As a result, passengers subconsciously try to move faster than normal. Moreover, competition and congestion appear because of a lack of coordination between strong desire for survival and evacuation bottleneck [14] . Helbing et al. recommended an efficient movement speed around 1.5 m/s through their dynamical model considering panic [2] which was also observed and validated in China [20] .
Capacity of Facilities.
The facilities related to evacuation in metro stations mainly include staircases and escalators on platforms and concourses, connecting corridors, automatic fare gate, staircases, and escalators at the exits. Some design guidelines recommend the evacuation capacities for these facilities, such as China CDM (China Code for Design of Metro) [21] and NPFA 130 (National Fire Protection Association 130) [22] in USA. Unfortunately, these facilities are not always utilized efficiently, especially under emergency circumstances. The staircase and escalators connecting platforms usually become crowding or congestion bottlenecks over peak hours according to field observation and existing experiences.
Evacuation Strategies.
Evacuation strategies should be first determined when an evacuation scheme is proposed. The numbers of evacuees, evacuation routes, and terminus are indispensable to evacuation strategies.
Evacuee
Number. The number of passengers being able to evacuate within a certain period is one of the most crucial evacuation indices. It is considered and calculated in terms of the most adverse condition. The maximum evacuee number in China include passengers from a full loaded train or referring to the maximum cross section of passenger flow, waiting and walking passengers on platforms.
Evacuation Route.
If a fatal accident happens in a metro station, all evacuees have to quickly evacuate from the accident source and other involved areas. An overall emergency evacuation direction and route is given as shown in Figure 1 .
China CDM defines the operation state of the facilities when all evacuees leave along an evacuation route in emergency circumstances [21] .
(i) Train and screen doors are required to open fully for passengers and Term 9.7.12 also requires that emergency escape doors be opened to all evacuees during platform accidents.
(ii) Term 18.3.4 requires that all fare gates be always kept into passing mode for passengers when emergencies happen or power is off.
(iii) Terms 28.2.12 requires that planners or designers consider the breakdown of one escalator which cannot be utilized by passengers and also requires that the capacity of staircases and escalators be calculated by 90% of their normal capacity. safe spots [22] . The basic principle of emergency evacuation is to ensure all passengers are away from being exposed to untenable conditions and fatal accidents so that they are able to reach a safe place through possibly choosing a short and safe evacuation route.
Moving Speed of Evacuees during Evacuation
There are many psychological and sociological factors, such as age, gender, density of crowd and space facilities, body weight and panic, etc., can affect the moving behaviour of evacuees [16] . The links between moving speed and evacuee density have led to increasing attention and research [23] and focused on the statistical analysis by fitting observed and empirical data.
Relationship between Speed and Density.
The interaction among evacuees due to high density causes the reduction of moving speed [19] . Various types of equations on the relationship between speed and density can be obtained according to field data, such as linear functions, multinomial functions, and exponential functions [19] . In order to ascertain the practical relationship, more than 1550 field data items involving speed and density on the upstairs and corridors are collected through manual accounting from the Xizhimen metro station in Beijing and fitted by linear and exponential functions in the light of different widths of staircases and corridors. The fitting results listed in Table 1 indicate that an exponential function is more suitable to the relationship than a linear function.
Modification under Emergencies.
The movement characteristics of evacuees who have panics in emergency evacuation are different from those in normal situations [19, 24] . The most notable one is that evacuees move or try to move faster than normal. The moving speed, V , in emergency can modified by [24] 
where V is the speed of evacuees in normal situations and represents a coefficient to modify which is calculated by [ 
where denotes the density of evacuees in terms of projected area (the ratio of evacuee projected to ground area) and is less than 0.92 m 2 /m 2 .
Calculation and Simulation for Emergency Evacuation
From the perspective of protecting evacuees' life, the calculation and simulation methods on emergency evacuation mainly focus on critical time for safely evacuating as well as the corresponding evacuation capacity from metro stations.. The design codes in some countries prescribe the guaranteed time for evacuation, for example, six minutes in China CDM and NPFA 130 in USA. Some simplifications in the two codes, such as insufficiently considering the relationship between speed and density, propagation of congestion, and interactions among evacuees, lead to the difficulties and inaccuracy for evacuation analysis. To overcome these shortcomings, continuum, network-based, agent-based, and social force models are used to describe evacuation process because they are able to address pedestrian behaviour and crowd dynamics [25] . A control volume model and a state-dependent queue network model are employed to calculate the emergency evacuation in consideration of waiting time and congestion effects due to a large number of evacuees. A multiagentbased simulation approach is developed to introduce the interactions among evacuees and between evacuees and environmental entities in metro stations.
Calculation Methods

China CDM.
China CDM was published by the Ministry of Housing and Urban-Rural Development of China through strong practical experiences of designers and engineers, which is applicable to the design, construction, and extension of urban railway systems. There are some regulations and formulas on the evacuation time of passengers. Term 28.2.11 requires that the staircases, escalators, and corridors within public areas in metro stations shall ensure all passengers to safely evacuate from platforms within six minutes in emergency (also called six-minute principle) during peak hours in the far future. The evacuation time, CDM , is calculated by (3) which is further given in Term 28.2.12 [21] .
where 1 and 2 are the maximum numbers of passengers, respectively, on a train and platforms in the far future; 0.762 --1 and 2 denote the through capacity of evacuees on static escalators and staircases, respectively; indicates the number of escalators which will be shut down and used as means of evacuation once emergency occurs; gives the total width of staircases. Equation (3) includes one-minute response time for evacuees consisting of alarming, broadcasting time, and so forth.
NFPA 130. The NFPA 130, Standard for Fixed Guideway
Transit and Passenger Rail Systems, was approved as an American National Standard [22] . The different editions of NFPA 130 have been widely adopted in many metro systems. NFPA 130 requires that all evacuees safely evacuate not only from platforms but also to safe spots within a given time. Term 5.5.6.1 specifies the threshold capacity of emergency facilities which shall enable all evacuees to evacuate from platforms within four minutes or less. Term 5.5.6.2 designates that stations shall be designed to permit all evacuees to leave from the most remote point on platforms to a safe spot within six minutes or less.
The total evacuation time, NFPA , is the sum of moving time and waiting time through all sections along the longest evacuation route from platforms and is obtained by
where walking is the total walking time of evacuees along the longest evacuation route; platform denotes the waiting time of evacuees at exit on platforms along it;
concourse denotes the waiting time of evacuees at exit on concourses along it.
The waiting time at exit on platforms, platform , is given by
where platform indicates the passing time of evacuees at exit on platforms and is obtained by the ratio of the number of evacuees evacuated to the capacity of exit .
platform demonstrates the walking time of evacuees to exit on platforms. If platform is larger than platform , platform equals zero.
The waiting time at exit j on concourse, concourse , is acquired by
where concourse is the passing time of evacuees at exit on concourses and facility presents the passing time of evacuees through other facilities to exit on concourses.
Control Volume Model.
The control volume model assumes that each evacuee is an independent particle while neglecting the differences of attributes among individuals. It is able to simulate the queue process of evacuees through a virtual closed surface formed by evacuees when the number of evacuees is larger than the through capacity of facilities. The calculation of evaluation time along an evacuation route is given in (7) through the control volume model after simplification.
where EL is the length of space or facility along an evacuation route and V denotes the velocity of evacuees through space or facility . CVL indicates the length of control volume which is formed in space or at facility and can be obtained by (8) . defines the number of the spaces or facilities along the evacuation route.
where CVA and CVW present the area and width of control volume formed in space or at facility , respectively. and demonstrate the evacuee arrival rate at space or facility and through capacity of space or facility , respectively. describes the width of space or facility . PA defines the admissible density of evacuees in space or at facility which characterizes the maximum degree of congestion during evacuation.
M/G/C/C State-Dependent Queue Network Model.
M/G/c/c model is able to characterize the service performance of network queuing and the probability of congestion in some queue systems [26] . The notations for the formulation of evacuee queue network are listed as follows.
: a stochastic variable, denoting the number of evacuees on staircases or in corridors.
: actual number of evacuees on staircases or in corridors.
: length of staircases or corridors. : width of staircases or corridors. : density of evacuees on staircases or in corridors.
: evacuation capacity on staircases or in corridors which is obtained by = ⌊ ⌋, where ⌊ ⌋ represents the largest integer not greater than x. : arrival rate of evacuees approaching staircases or corridors.
1 : average moving speed of only one evacuee on staircases or in corridors which is fitted by observed data and required to modify by (1) for emergency evacuation.
: average moving speed of n evacuees on staircases or in corridors which is fitted by observed data and required to modify by (1) for emergency evacuation.
( ): service rate where there is evacuees on staircases or in corridors.
: probability where there is evacuees on staircases or in corridors; that is, = [ = }.
0 : probability where there is not any evacuees on staircases or in corridors; that is, = [ = 0}.
( 1 ): expected walking time of only one evacuee on staircases or in corridors; that is, ( 1 ) = / 1 . The probability, = [ = }, where there is evacuees in queue network systems can be calculated by
where 0 is given through
Two important criteria employed to evaluate the evacuation bottleneck of evacuees on staircases or in corridors are proposed as follows:
where is the probability of passenger congestion occurring on staircases or in corridors, defines the output evacuee number per unit time from the queue network.
Multiagent-Based Simulation.
Simulation is widely employed to evaluate evacuation problems and usually classified into macroscopic and microscopic simulation. Macroscopic simulation mainly focuses on an overall situation and assumes aggregated values while microscopic aspect pays attention to the behaviour of individuals, that is, the movements of individuals and their interactions [27] . The interactions among evacuees as well as between evacuees and environment involve not only space, time, and information exchange but also human decision and behaviours. The multiagent-based technique is a capable approach to handle them [28] . The origin of multiagent system in computer science was found during the early 1990s. It quickly becomes the key issue in various areas which many researchers pay much attention to. The basic elements of a multiagent system contain environment, sensors, knowledge base, decision rules, and actuators.
Construction of Multiagent Simulation Model.
Evacuees and their behaviours during evacuation from stations in multiagent model are realized through many agents who are usually able to perceive environments or other entities, make decisions according to given rules, and take actions to realize specific goals or tasks. Evacuee agents can complete their actions during a simulation process according to social force model [29] in which the self-driving force to move has to be involved for each evacuee agent and the repulsive, extrusion, and friction forces will be considered if evacuee agents are sufficiently close or touch environmental entities or other agents. The social force can be calculated according to the formulation from [29] . A general multiagent simulation flowchart is developed in Figure 2 to model the emergency evacuation of evacuees from metro stations. The movement velocity of evacuees is modified by (1) and (2) in Section 3.2 when emergency evacuation occurs.
Implementation.
There are many tools to implement the simulation supported by multiagent technique in addition to commercially available models, like StarLogo, Swarm Ascape, and AnyLogic. AnyLogic is a powerful tool to simulate the emergency evacuation of evacuees from metro stations as it is able to provide complex solutions through a multiagent-based and discrete event special pedestrian movement simulation module to plan, manage, and evaluate evacuee flow in public buildings like airports and railway stations. The pedestrian library is selected to construct the simulation environment including platforms, entities (walls, pillars, stairs, and escalators) and events (simulation clock and evacuation generators) as well to reproduce the movement process of evacuees in metro stations. A simulation model for the emergency evacuation from a metro station is developed by AnyLogic in Figure 3 .
Case Studies
The Xizhimen metro station covering an area of 4.24 hectares, one of the large transfer metro stations in Beijing, is selected in case studies for verifying the feasibility of the methodologies in this study. Metro Line 2, Line 4, and Line 13 interchange at the Xizhimen metro station which is adjacent to the Beijing north railway station. More than 400 thousands of passengers per day are served here [30] . The layout of station and physical characteristics of facilities including corridors, staircases, and escalators are investigated through a field interview method.
Set-Up
Layout of Station.
The range of research here is confined within the underground platforms, concourses, and corridors of Line 2 and Line 4 because the station of Line 13 is far separated and connected by long corridors. The layout of the part to be studied is described as shown in Figure 4 and the evacuation facilities include 20 staircases (S1 to S20), 18 corridors (C1 to C18), 9 escalators (E1 to E9), 5 exits (A1, A2, B, C, and D), and 6 groups of fare gates (G1-G6).
Physical Characteristics of Facilities.
Corridors, staircases, and escalators are the most crucial facilities for evacuees in metro stations. The physical characteristics of facilities can affect the evacuation choice and evacuation performance of evacuees. The exponential relationship between the speed and density of evacuees in corridors and on staircases are fitted due to the collected data. The two speed ranges modified by (1) The impacts on evacuation from the features of accidents, like smoke, are not considered here as they require another intensive study.
Two widely used criteria to assess evacuation are imported here, the evacuation time with a given number of evacuees and the number of evacuees within a given time. The evacuees include the passengers in a full loaded train and waiting and walking in the station according to China CDM. Due to the most adverse condition where two trains arrive at the same time, there will be 3360 passengers in two trains with six units and 200 passengers in corridors or on staircases to be evacuated. The multiagent-based simulation are first used to obtain the evacuation time of each route and total evacuation time when the arrival rates of evacuees on platforms which can be obtained through a filed counting method vary from 6 to 14 persons per second. The results mainly show that the multiagent-based simulation approach additionally takes into account the existing interactions among evacuees and the influences between evacuees and environmental entities and that as a consequence the evacuation time prediction is extended.
Simulation
Comparisons and Analysis
Evacuation Time.
China CDM and NFPA 130 are both able to judge whether the total evacuation time for the given number of evacuees satisfies "six-minute principle" or not. NFPA 130 also gives the total evacuation time of the longest evacuation route rather than each evacuation route in metro stations under the most adverse conditions or maximum time requirements. However, both of them do not consider the influences of different arrival intensities and waiting time of evacuees due to the insufficient capacity of facilities. The control volume and M/G/c/c models provide the evacuation time of each route with consideration of the aforementioned waiting time of evacuees. Moreover, the M/G/c/c model also involves the effects on movement speed by evacuee density. The interactions relating to evacuees further considered by the multiagent-based simulation actually lead to the retardarce of evacuees movement and require more evacuation time. rates of evacuees are represented, respectively, in Figures 9  and 10 .
Evacuee
The same maximum evacuee numbers of 4163 persons by China CDM are obtained in two scenarios only by calculating the number of evacuees through the staircases connecting the platforms rather than arriving at exits when the arrival rate is larger than 7 p/s, which produces more evacuees than other methodologies do. NFPA 130 gives the same critical evacuee numbers of 3583 persons within six minutes considering the most adverse conditions (the longest evacuation routes) in two scenarios. The number of evacuees from the control volume model increases until the arrival rate is larger than 9 p/s and reaches the critical numbers of 3952 and 3161 persons, respectively, in Scenarios 1 and 2. The M/G/c/c model provides the same number trends of evacuees in two scenarios that first increase with the arrival rate reaching the critical number of 3783 persons when the arrival rate is 9 p/s and then slightly decrease as the high density of evacuee causes the congestion and the downgrade of evacuation performance. The number of evacuees from the multiagentbased simulation in two scenarios is fluctuating around 3500 persons and reaches the maximum evacuation numbers of 3544 and 3538 persons, respectively, in Scenarios 1 and 2 when the arrival rate is larger than 9 p/s.
The number of evacuees from the control volume model in two scenarios varies much because of the change of accident positions as the method concerns all spaces or facilities along each evacuation route while the other four methodologies pay more attention to the critical capacity of spaces or facilities and influence factors. For example, China CDM assumes that the staircases connecting platforms are the most crucial component to decide the evacuee number while NFPA 130 focuses more on the longest one among all evacuation routes. The variances of evacuation routes in two scenarios do not actually affect the critical spaces, facilities, or influence factors like the density and interactions of evacuees.
Evacuation Bottlenecks.
The congestion probability of evacuation can be calculated by (11) in the M/G/c/c model and the multiagent-based simulation, which identifies the evacuation bottlenecks of evacuees for the scenarios in the cases studies if it is more than 0.5. The congestion probabilities of evacuation occurring on S2, S3, S5, and S6 in Scenarios 1 and 2 increase with the arrival rates of evacuees. The M/G/c/c reveals that the congestion of evacuees occurs successively on four staircases, S3, S6, S2, and S5, without consideration of the complex interactions of evacuees. The results from the multiagent-based simulation demonstrate the almost consistent occurrence of congestion due to the dynamic interactions and influence among evacuees when the arrival rate of evacuees is larger than 9 p/s. The two results both indicate that the staircases connecting platforms are the evacuation bottlenecks in the Xizhimen metro station.
Conclusions
The calculation and simulation on emergency evacuation is fundamental to ensure reasonable design, efficient operation, and low risk management for metro systems. Five methodologies are introduced to attain the evacuation performances in this study. Some conclusions are summarized as below from the comparisons and analysis on the results from case studies.
The involvement of different methodologies is dependent on how users treat the impact factors and strategies of evacuation. China CDM and NFPA 130 propose two concise methodologies which only consider the most critical facilities and the most adverse evacuation conditions and usually provide high and low values of evacuee number within given evacuation time, respectively. The other methodologies regard the exits of metro stations as evacuation terminus or safe spots while the evacuees will be safe in China CDM if they leave platforms. The control volume, M/G/c/c, and multiagent-based models introduce the geometry and capacity of facilities, relationship between density and speed, and interactions among evacuees and are able to reflect the waiting time, congestion extent, and evacuation bottlenecks through analysing the efficiency of each evacuation route.
Five methodologies have their individual superiorities in design, management, and technical application. China CDM and NFPA 130, as the national design standards, are two authoritative criteria and efficient quantitative methods for planners and designers to obtain evacuation requirements. The control volume, M/G/c/c, and multiagent-based models are helpful to assess whole evacuation process, especially when the multiagent-based approach is used to incorporate more details during evacuation for operation improvement and risk management. Modelling details on the psychological characteristics of evacuees are required in the further research work to describe the nervous emotion or panic during emergency evacuation.
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